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Summary This paper reviews the performance of current adhesive systems in tests of bond
strength between resin composites and tooth structures. The longevity and success of resin
composite restorations depend upon the adhesive systems providing durable bonds with tooth
substances. Both in vitro and in vivo testing has been used to predict the clinical outcome of
treatments with adhesive materials. Subtle variations in sample preparation can severely affect
the bond strength, regardless of the test method employed. In addition to the large range of
factors that affect bond strength, various load applications have been used to quantify the
adhesion between composites and tooth structures. Dentin bond strength is normally evaluated
by conducting mechanical tests in the tensile and/or shear mode, but the crosshead speeds used
vary over a relatively wide range in the published literature. This review provides an overview of
the current characterization of dental adhesives and the factors affecting their performance in
bond-strength tests.
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54 M. Miyazaki et al.Figure 1 Tooth structure is composed of enamel with a den-
tin—pulp complex.1. Development of adhesive systems
A major goal of modern dental materials research is the
development of dental restorative materials that form strong
bonds to tooth structures. The acceptance and widespread
use of direct-filling composite resin restorative materials
over the past 30 years has stimulated research into bonding
to tooth structures. The fundamental bonding mechanism to
both enamel and dentin can be regarded as an exchange
process involving the substitution of inorganic tooth materi-
als by resin monomers that become micromechanically inter-
locked in microporosities created in situ. Diffusion is the
primary mechanism used to obtain this micromechanical
retention [1]. Pioneering work using phosphoric-acid etching
for bonding to enamel has been key to the success of resin
restorations. Upon polymerization, the micromechanical
interlocking of tiny resin tags within the acid-etched enamel
surface still provides the best achievable bond to dental
substrates. This method not only effectively seals the
restoration margins in the long term, but also protects the
more vulnerable bonds to dentin against degradation [2]. The
strength of the micromechanical attachment of resin to
etched enamel has proven adequate for retention in most
clinical applications.
Enamel is composed mainly of crystalline hydroxyapatite.
The inorganic crystals are arranged in an orderly microstruc-
ture, which allows selective acid etching to produce a pat-
tern into which the resin can penetrate and interlock [3].
Reliable adhesion to enamel can be achieved, but the bond-
ing performance with dentin has been less consistent. On the
other hand, it has been advocated that even with the good
sealing of enamel margins with phosphoric acid etching,
resin—dentin interface produced by the etch and rinse adhe-
sive showed signs of degradation [4]. So one should consider
that the limitation of enamel sealing in terms of durability of
dentin bonding. Dentin has a significant organic content that
varies with depth, and lacks the orderly microstructure of
enamel. Its structure is characterized by dentinal tubules,
the spacing and orientation of which depend on the location
and depth of the dentin surface [5]. In vital teeth, these
tubules provide direct access to living processes and, ulti-
mately, the pulp (Fig. 1). Opening up the dentin tubules by
acid etching significantly increases the dentin permeability
[6]. Leakage of pulpal fluids from the tubules under hydro-
static pressure might disrupt attempts at chemical bonding
to the dentin surface. Early attempts to achieve bonding to
dentin by extending the enamel acid-etching technique were
unsuccessful [7]. As mechanical attachment to etched dentin
is not a viable alternative, research has instead focused on
forming some type of chemical bond to one or both of the
main constituents of dentin (that is, organic collagen and
inorganic hydroxyapatite) [8]. It has been proposed that theremoval of mineral phase from the dentin by acid etching
exposes the dentinal collagen matrix as a bonding substrate,
thinking as a practical approach to improve bonding to dentin
[9]. The hydrophilic functionality of the adhesion monomer
helps facilitate permeation of itself into the exposed col-
lagen fibrils leading to the formation of hybridized layer,
whereas the hydrophobic functionality facilitates bonding to
the resin composites. The process of hybridization is believed
to result from the infiltration of the resin monomer into the
collagen fibrils exposed by dentin demineralization, and in
situ polymerization.
The presence of cutting debris on instrumented dental
surfaces in the form of a smear layer and smear plugs that
obstruct the dentin tubules is also a significant cofactor [10].
The smear layer should be removed before chemical bonding
to the dentin surface is attempted. Current adhesives use
either an etch-and-rinse approach or a self-etch approach,
which differ significantly in the way that they affect tooth
tissue. Although both approaches have shown success in
laboratory and clinical studies, their performance is highly
product-dependent [11].
2. Current dentin-bonding systems
The fundamental mechanism of bonding to enamel and
dentin is based on an exchange process in which minerals
removed from the dental hard tissues are replaced by resin
monomers that, upon polymerization, become micromecha-
Adhesive system Three steps
Etch & Rinse system Self-etching system
E E
P
B B
P & B
E & P
E, P & B
Single stepTwo steps Two steps
Bonding
Priming
Etch ing
Figure 2 Classification of currently available adhesive systems.
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fication of dental adhesives is not straightforward, although a
scientifically based classification has been suggested (Fig. 2).
Adhesive systems can use either an etch-and-rinse approach
or a self-etch approach [13]. Furthermore, the priming and
bonding agents can be separate or combined, resulting in
two-step or three-step systems for etch-and-rinse adhesives,
and one-step or two-step systems for self-etch adhesives,
respectively (Fig. 3) [14].
2.1. Etch-and-rinse systems
Etch-and-rinse adhesives are characterized by an initial
etching step, followed by a compulsory rinsing procedure
that completely removes the smear layer and smear plugs
(Fig. 5). Three-step etch-and-rinse systems typically include
separate conditioning, priming and adhesive resin-applica-
tion stages. Two-step etch-and-rinse systems were developed
to reduce the number of application steps and to simplify the
process by combining the priming and bonding stages. Acid
etching promotes dentin demineralization over a depth of 3—
5 mm, thereby exposing a scaffold of collagen fibrils lacking
hydroxyapatite [15].Figure 3 Commercially available self-etch single-step adhe-
sives.The demineralized collagen network must remain loosely
organized during adhesive procedures in order to allow ade-
quate resin monomer infiltration. A certain amount of water
is crucial to prevent the collagen fibrils within dentin from
shrinking. However, it is difficult to determine exactly how
moist the dentin should be to ensure complete water removal
by an acetone-based primer. Problems resulting from excess
water have been reported, and are known as ‘over-wet’
phenomena [16]. The presence of superfluous water on the
dentin surface seems to cause phase separation between the
hydrophobic and hydrophilic components of adhesives,
resulting in the formation of voids at the resin—dentin inter-
face. Excessive moisture on the adherent surface is also
responsible for the improper polymerization of resin mono-
mers, which lowers the mechanical properties of the adhe-
sive layer. Determining how moist the dentin should be
remains a major concern, and this factor is difficult to
standardize in clinical protocols [17].
2.2. Self-etch systems
Self-etch systems do not require a separate etching step
because they contain acidic monomers that simultaneously
etch and prime the tooth substrate. The acidic functional
monomers in self-etch adhesives dissolve the smear layer and
demineralize the underlying tooth substrate (Fig. 4) [18].
Self-etch adhesives only partially demineralize the dentin
and can undergo additional chemical interactions with hydro-
xyapatite crystals, which improve the bonding effectiveness
and durability [19]. The improved etching potential of the
self-etching primers resulted in the formation of a thin
hybridized complex, consisting of a surface zone of hybri-
dized smear layer and a subsurface authentic hybrid layer
[20]. Physical existence of thin hybrid layers should not
compromise initial bond strength if acidic resin monomers
can simultaneously reach the demineralization front they
created in intact dentin, since there is no correlation
between hybrid layer thickness and bond strength [21].
Chemical bonds are created by some self-etch adhesives
due to the presence of specific functional monomers such
as 10-methacryloyloxydecyldihydrogenphosphate (10-MDP),
4-methacryloyloxyethyl trimellitate anhydride (4-META) and
Figure 4 SEM observations of the dentin surfaces treated with phosphoric acid or self-etching primer.
56 M. Miyazaki et al.phenyl-P. These monomers contain carboxylic and phosphate
groups that are able to bond ionically with calcium in hydro-
xyapatite [22]. Adhesives containing 10-MDP are most com-
monly used in self-etch systems. These rely on polyfunctional
adhesive molecules, which share a phosphate or phosphonate
active group attached to a resin monomer. The effective
bonding of self-etch adhesives has been attributed to their
ability to demineralize and infiltrate the tooth surface simul-
taneously and to the same depth, theoretically preventing
incomplete penetration of the adhesive into the exposed
collagen network [23]. Hydroxyapatite crystals remain avail-
able for the chemical bonding of functional monomers, which
might contribute to the bonding stability [24]. Self-etch
systems have been reported to be less technique-sensitive
than other systems, thereby giving a more reliable clinical
performance [25]. Another important clinical benefit of self-
etch adhesives is the lower incidence of post-operative
sensitivity experienced by patients, as they leave residual
smear plugs that allow less dentinal fluid flow compared with
etch-and-rinse adhesives (Table 1) [26].
Self-etch adhesives exhibit different interaction reactions
with the dentin substrates according to the pH of the adhe-
sives. According to their acidity or etching aggressiveness,
self-etch adhesives can be classified as strong (pH < 1),
intermediate (pH 5 1.5) and mild (pH > 2) [27]. The mor-
phological features of the hybrid layer produced by self-etch
adhesives depend to a great extent on the ability of their
functional monomers to demineralize the dental substrate.
Strong self-etch adhesives with a pH of 1.0 or below dissolve
smear layer completely and forming thick hybrid layers. The
interfacial morphological features promoted by these adhe-
sives on dental substrates resemble those of etch-and-rinseTable 1 Advantages of self-etch approach.
1. Less technique sensitivity
Etch & rinse steps are omitted
No collapse of demineralized collagen
2. Theoretically simultaneous demineralization and resin
infiltration
Some concern about this concept still exist
3. Less postoperative sensitivity
Leaving smear plugs that cause less fluid flow
4. Leave hydroxyapatite for chemical bonding
Functional monomer can react with Hapsystems. Mild self-etch adhesives with a pH of around 2.0
demineralize dentin superficially to a depth of less than
1.0 mm and create thinner hybrid layer. Mild self-etch adhe-
sives demineralize dentin only partially, leaving a substantial
amount of hydroxyapatite crystals around the collagen
fibrils. Ultra-mild self-etch adhesive, which presents a rela-
tively low acidity (pH = 2.7), expose only very superficially
collagen on dentin and create a nano-interaction zone [28].
2.3. Other dentin-bonding materials
Glass ionomers (polyalkenoates) were probably the first suc-
cessful dentin-bonding agents. They are the only truly self-
adhesive materials that can adhere to both enamel and
dentin [29]. An acid—base reaction is created between an
acid-soluble Ca—Al—F—Si glass and a polyalkenoic acid (ori-
ginally polyacrylic acid). The carboxyl groups on the poly-
meric acid react with the calcium and aluminium ions
released from the glass, resulting in hardening [30]. Similar
to self-etch adhesives, glass ionomers have a two-fold adhe-
sive capacity that depends both on the limited demineraliza-
tion of enamel and dentin with subsequent infiltration and
micromechanical interlocking, and on chemical adhesion
between the polyalkenoic acid and hydroxyapatite. The
demineralization reaction is initiated by a high-molecular-
weight polyalkenoic acid, which exposes the microporous
collagen network by selectively dissolving hydroxyapatite
crystals. Additionally, ionic bonding takes place between
the carboxyl groups of the polyalkenoic acid and the calcium
in the remaining hydroxyapatite crystals [31]. In general,
considerably higher bond strengths have been reported for
self-etch adhesives compared with glass ionomer systems
[32]. However, it is difficult to compare bond strength data
unless the materials have been tested in an identical manner.
3. Variations in bond-strength measurement
3.1. Methods for determination of dentin bond
strength
Longitudinal clinical trials are the final arbiter of the efficacy
of dental restorative materials; however, they are expensive,
time consuming and difficult to standardize. In addition, the
rapid introduction of new adhesive-bonding systems has
increasingly forced dentists to rely on laboratory tests for
Factors affecting the in vitro performance of dentin-bonding systems 57the evaluation of these products. Bend, impact, cleavage,
peel, lap shear and tensile tests (orthodontic bracket/
enamel systems) are most commonly employed for bond-
strength evaluation, whereas the efficacy of dentin-bonding
agents is mainly evaluated by tensile and/or shear bond-
strength measurements [33]. The reliability and validity of
tensile and shear-bond strength determinations for the den-
tin-bonded interface have been questioned [34]. Much of the
research related to dentin bonding has attempted to assess
the integrity and strength of the interfacial bond. Experi-
mental approaches for the measurement of adhesive bond
strengths in dentistry have consisted primarily of tensile or
shear-bond strength determinations performed within a
defined area in vitro. Although the testing procedures appear
to be similar, the results of studies can differ tremendously,
as discussed in more detail below. Although the coefficient of
variation associated with bond-strength data is known to be
high (commonly >30%), the differences are weakly statisti-
cally significant [35]. Large variations in the methods used for
bond-strength determinations and the lack of standardized
laboratory test procedures have contributed to ambiguities
in data interpretation.
3.2. Problems with bond-strength measurement
Van Noort et al. [36,37] used finite-element stress analyses to
demonstrate that tensile and shear bond-strength measure-
ments were highly dependent on the geometry of the test
apparatus, the nature of the load application, the presence
or absence of adhesive flash and the materials involved. The
authors reported that non-uniform stresses acted upon the
bonded interface; they therefore questioned the concept of
‘average stress’ for measurements of bond strength. The
greatest emphasis has been placed on measuring tensile bond
strengths (at right angles to the tooth/adhesive interface).
All of the forces acting on an adhesive bond in vivo can be
resolved as components acting at right angles and parallel toBONDING
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Figure 5 Factors affecting dentin bond strethe interface (shear). It is therefore important to measure
the shear strength in order to evaluate a bond adequately.
Bond strength-testing jigs have been designed such that the
maximum stress in the shear apparatus is transmitted along
the interface, whereas the stresses for the tensile bond
strength are transmitted through the adhesive to the inter-
face. The path of a fracture placed under tension will there-
fore pass through the weakest areas in the bulk of the
adhesive or the interface. One problem with tensile tests
is that the force is transmitted through the body of the
adhesive, and partial cohesive failure, rather than interfacial
failure, often occurs [38]. The consequent variation among
specimens might obscure the interfacial bond strength.
When a resin composite bonded to a flat dentin surface is
loaded in tension or shear, the distribution of stresses along
the interface is extremely irregular. For shear strengths, the
stress is concentrated at the interface, and the fracture path
will not readily deviate unless there is a major flaw either in
the adhesive or at the dentin surface [36—38]. The shear
bond strength might be related to the elastic modulus of the
adhesive. Increasing the modulus of elasticity will result in a
more uniform distribution of stress over the bonded area, and
avoid a concentration of stress at the point of load applica-
tion. An extremely low elastic modulus will cause the frac-
ture to have a peeling character rather than a shear
character. The elastic modulus of restoratives has been
reported to increase roughly in line with increasing shear
bond strength [39]. When determining the shear bond
strength, the maximum force is exerted along the interface
and, in practice, a more reproducible interfacial fracture is
observed, with much less cohesive failure [40]. The shear
bond strength of a dentin-bonding system is dependent on
the adhesive mechanism; similar results are not expected to
be obtained with different adhesive systems. A lapping shear
test or a knife-edge test is most commonly used, and a notch
effect at the knife-edge tip should be taken into considera-
tion. Regardless of the testing mode (tensile or shear), theDENTIN  TRE ATMENT (CHEMICALLY)
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Figure 6 Influence of cross-head speed on dentin bond
strength of Clearfil tri-S Bond.
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and adhesive fracture. The fracture strength of a brittle solid
is generally thought to be statistical, and to depend on the
probability that a flaw capable of initiating fracture at a
specific applied stress is present.
3.3. Factors affecting the bond strength
As mentioned above, the stress patterns reported in bond-
strength tests are complex and non-uniform, with a high
concentration of stress at the edge of the bonding interface
[36,37]. Test variables include the modulus of elasticity and
the diameter of the bonded restorative composite resin, the
thickness of the adhesive resin, the presence of bonding resin
flash, the location of the dentin substrate, the contact area
and shape of the chisel, and the crosshead speed (Fig. 5).
There is across-study variation in most of these, with the
widest disparity appearing to involve the crosshead speed
selected to fracture bonded samples [41].
Dentin, dentin adhesives and resin composites are brittle
materials. A much lower rate of stress application is generally
used for brittle materials than for elastic materials. The
viscoelastic nature of dental adhesives suggests that the bond
strength and the failure mode could be affected by the rate of
stress application. Slower crosshead speeds could allow an
extended recovery period, during which stress and strain could
be compensated for by the elasticity of the bonding agents; at
lower speeds, the resin might behave like a viscous material,
showing more deformation as increased pressure is applied,
with a resultant increase in bond strength. Conversely, the
potential for higher bond strength also exists at faster cross-
head speeds. Under these conditions, the resin might perform
as a brittle solid, with increased energy directed towards
fracture of the specimen rather than molecular deformation
and flexure. In both of these scenarios, significant differences
in bond strength between tested materials could result simply
from varying the crosshead speed. Furthermore, the mode of
failure, which is regarded as an essential characteristic of bond
strength, might be influenced by variations in crosshead
speed. Although the normal rate of load application for deter-
mining the strength of dentin bonding agents is 0.5 mm/min,
the strain rate (or crosshead speed) employed to evaluate the
dentin bond strength varies over a wide range [41].
3.4. Influence of crosshead speed on bond
strength
There are few reports on the influence of crosshead speed on
dentin bond strengths, and the findings are contradictory
[41,42]. The fracture strength of brittle materials is influenced
by a number of factors, including specimen size, thickness,
initial crack length, flaw location and stress—strain state [43].
Our previous report found no significant interactions between
these factors and the bonded surface area or crosshead speed;
however, our data indicated that the shear bond strength of
the adhesives tested depended on the bonded surface area and
the crosshead speed (Fig. 6) [44,45].
The strengths of brittle materials generally increase with
increasing strain rate [46]. Although resin composites are
characterized as viscoelastic polymers, their strength is also
sensitive to the strain rate. Experimental observations haverevealed that the yield strength of these polymers is bili-
nearly dependent on the logarithm of the strain rate, due to
changes of the low-order transitions in the materials [47]. In
the lower strain-rate range, the material strength increases
slowly with increasing strain rate. When the strain rate
exceeds a threshold level, a rapid change of material
strength is recorded [48]. Comparisons of studies using dif-
ferent crosshead speeds should therefore consider the strain-
rate sensitivity of the materials when interpreting the results
of bond-strength tests.
A report on the effect of the strain rate on material
behaviour showed that the stress—strain curves straightened
out as the strain rate increased [49]. Local events that result
in macroscopic fracture can be described as locally stress- or
strain-controlled. Brittle fracture in composite materials is
invariably modelled as a stress-controlled process, involving
the unstable propagation of a crack, which is initiated when
the local tensile stresses exceed a critical threshold. Stress is
concentrated at the loading position of the specimen in a
shear bond-strength test, leading to high stresses at this
point. The material in the vicinity of the crack has a tendency
to connect in the thickness direction; however, the material
at the stress-concentration site is constrained by the adja-
cent material, which limits the amount of contact that can
occur. Bond-strength specimens might thus be subjected to
forces in the thickness direction, and might experience plain
strain when they are loaded. Fracture mechanics must be
considered when evaluating the bond strength between
tooth substrates and dentin-bonding systems.
4. Conclusion
The clinical performance of dentin-bonding systems has been
improved to give a high retention rate. Many clinical factors
affect the bonding ability of restorations to dentin substrate.
The micromechanical entrapment of resin in the dentin
through an interdiffusion mechanism is a key factor in opti-
mizing bond strength. The clinical forces exerted on restora-
tions or teeth are complex, and so neither tensile nor shear
bond strength tests can simulate the intraoral forces. Thus,
although bond strength tests can provide useful information
on procedural changes, the actual values generated might
have limited meaning.
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